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Abstract. Due to pneumo-mechanical power conversion process nonlinearities and process parameters (volumes and 
initial pressures of pneumatical cylinder working chambers) on line change it is problematic to ensure satisfactory 
control quality of pneumatic proportional servo drive. Considering that all nonlinearities are concentrated in the force 
generation stage, application of adaptive force control mode is suggested. Electropneumatic servo drive with reference 
model based signal adaptive force controller is developed and investigated in this paper. It is presented the strategies of 
reference model choice and are given control quality investigation results of electropneumatic servo system. 
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Introduction 
 
 
Electro-pneumatic actuators are widely used in 
industrial automation, such as robotics, handling devices, 
packing machines and so on. Features of pneumatic-
mechanical power conversion process do not manifest in 
the case when it is used control mode “from back to back”, 
but it has significant influence on control quality when it is 
applied proportional control principle by using 
proportional directional control valves and feedback 
technology.  
On purpose to minimise the influence of nonlinearities 
of pneumatic cylinder and directional control valve on 
dynamical behaviour of electropneumatic proportional 
servo drive it is proposed and investigated the model 
reference based on adaptive control method of force 
regulation. Adaptive control method practice allows 
ensuring desirable dynamical behaviour of pneumatic 
cylinder developed force in spite of changing initial 
conditions such as start position of the piston and initial 
pressures in the working chambers of cylinder. This creates 
favourable conditions for higher level control loops 
development using traditional hierarchical control strategy 
of cylinder piston velocity and its position. 
 
Development of dynamical model of symmetric 
pneumatic acting system 
 
Functional diagram of pneumatic force generation 
system consisting of rodless pneumatic cylinder and 
electropneumatic proportional control valves is presented 
in Fig. 1.  
Dynamical model of the pneumatic actuator was 
developed on the base of the following fundamental 
relationships: 
 a) the ideal gas law, supposing the pressures and 
temperature within the cylinder chambers being 
homogeneous and kinetic and potential energy terms – 
negligible:  
 P
V
TRm
⋅
⋅⋅= η
,                             (1)  
where R=8,31
deg⋅mol
Nm
 – the ideal gas constant, m – 
mass, kg; T – temperature,  oK;  η – mass of the gas mole, 
kg; V
 
– volume of the gas, m3. 
 
 b)  the supplied gas through orifice of directional 
control valve mass flow rate dependence on the orifice 
cross section area and acting pressures behind and before 
valve: 
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PACC
dt
dm in
vmq ⋅⋅= ,   (2) 
where: Cq – orifice discharge coefficient Cq = 0,7; Ad – 
orifice area, m2; T – supply temperature, 0K; pin – supply 
pressure, bar;  Cm – mass flow coefficient depending on 
pressures behind and before directional control valve ratio. 
 
c) the equations defining mechanical force generation 
and cylinder dynamics conditions: 
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where: p1,2 – pressures in the cylinder chambers, Pa; V1,2 – 
volumes of the cylinder chambers, m3, Fc(t) – developed 
force of the cylinder, N; FR(t) – force of the resistance, N; 
vC – velocity of the cylinder piston, m/s; ∆l – piston 
displacement, m; S – working surface area of the piston, 
m
2
. 
 
 
 
Fig. 1. Functional diagram of electropneumatic acting system 
 
 
Functional diagram of developed dynamical model of 
pneumatic actuator [1] presented in Fig. 2 distinctly 
demonstrates complexity of pneumo-mechanical force 
generation process and its dependence on initial piston 
position and pressures into working chambers of the 
cylinder. 
 
 
 
Fig. 2. The structural model of the pneumatic system 
 
Modeling results of force generation process of the 
pneumatic cylinder, presented in Fig. 3 and Fig. 4, clearly 
demonstrate oscillating nature of the cylinder developed 
force and strong dependence of dynamical behavior of the 
force on initial conditions, such as initial piston position 
and initial pressures in the working chambers of the 
cylinder. 
Simulation was carried out using rodless cylinder with 
25 mm diameter piston and 300 mm stroke and 
proportional directional control valve MPYE-5-1/8. 
Modeling results presented in Fig. 3 was got when cylinder 
piston was posed in the middle stroke position and initial 
pressures were equal to 3 and 6 bars, while modeling 
results presented in Fig. 4 was got when cylinder piston 
was posed in the 0.1 and 0.2 m stroke position and initial 
pressures were equal to 3 bars. 
 
Fig. 3. Influence of initial pressure in working chambers on 
dynamical behavior of generated force  
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Fig. 4. Influence of initial piston position on dynamical behavior 
of generated force 
 
 
Design and investigation of pneumatic cylinder 
adaptive force controller   
 
The nonlinear force generation process parameters 
such as volumes and pressures of working chambers of 
pneumatic cylinder are rapidly changing, consequently it is 
proposed to apply pneumatic cylinder developed force 
regulation system based on the reference model for signal 
adaptive control technology [2]. Proposed system is 
presented in Fig. 5. Proposed force control technology of 
pneumatic cylinder developed force can be implemented 
by applying commonly known feed-back principle based 
control contour with main force controller in supplement 
with additional reference model based signal adaptive 
contour, generating additional control signal to main 
controller on purpose to compensate an influence of 
control system parameters change on process control 
quality. 
 
 
 
Fig. 5. Functional diagram of adaptive force control system 
 
The functional diagram of adaptive force control 
system is presented in Fig. 5. There is presented pneumatic 
cylinder by nonlinear transfer function Hpc(p,V,P) in the 
diagram. Force controller Hf(p), proportional directional 
control valve Hv(p) and feed back sensor Hfb(p) with 
pneumatic cylinder all together form the main force control 
contour.  
 Supposing the parameters of pneumatic cylinder being 
constant (pneumatic cylinder is stopped) the force 
controller was adjusted under the quantitative optimum 
condition expressed by transfer function of open loop of 
force regulation contour in the form as follows [3]: 
 
( ) ( ) ( ) ( ) ( ) ( )12 1,, +== pTpTpHPVpHpHpHpH fbpcvfop µµ ,         (4) 
 
where: Tµ  – freely chosen small time constant defining the 
desired rapidity of force regulation process.  
 Supposing the quality of adjusted in such way force 
control contour as desirable for the whole electropneumatic 
acting system, the transfer function of reference model for 
adaptive force control contour can be defined as:   
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 Transfer function of adaptive controller Hac (p) is 
defined on the whole force control process stability 
condition using conventional design methods.  
 Controller of main force control contour was adjusted 
for particular working point of the cylinder, when piston of 
cylinder was stopped in the middle stroke, pressures in the 
working chambers were constant. In this case transfer 
function of pneumatic cylinder Hpc(p,V,P) can be 
expressed as transfer function of the first order with 
constant coefficients:   
1
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where: 
v
*
c A
pk ∆= , Av – orifice area of valve, m2; Tc – time 
constant.   
 
   According to catalogue data [4] the transfer function of 
proportional directional control valve also can be 
expressed in the form of the first degree delay circuit: 
 
HA(p)=
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∆
pT
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v
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 ,                         (7) 
 
where time constant Tv approximately is equal to 0,05s.  
 
 Supposing the Tµ being equal to Tv  and ( ) pfb kpH = , 
on the base of (6) the transfer function of main force 
controller can be defined as: 
 
Hf(p)=
pTkkk
pT
ApcA
c
∗
∗ +
2
1
.                           (8) 
   
 
Fig. 6. Dynamical behavior of pneumatic force control process 
with different initial pressures in the working chambers 
Oscillations provoked by piston 
impact to end shock of cylinder 
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Fig. 7. Dynamical behavior of pneumatic force control process 
when initial position of cylinder piston is changing 
 
 Modeling results of reference model based on signal 
adaptive electro-pneumatic force control system are 
presented in Fig. 6 and Fig. 7. 
 These results demonstrate high efficiency of proposed 
adaptive force regulation technique. It is distinctly seen 
that dynamical response curve of pneumatic cylinder 
developed force provoked by reference signal step mode 
change corresponds to quantitative optimum condition and 
does not depend on initial piston position and initial 
pressures in working chambers of the cylinder.  
 
Development of velocity control system of pneumatic 
cylinder with adaptive force controller   
 
Development of higher hierarchy level controllers of 
pneumatic servo system such as velocity controller of 
pneumatic cylinder can be carried out using well known 
hierarchical system design methods based on quantitative 
optimum condition fulfilling. Supposing the adaptive force 
control system being well functioning, the transfer function 
of the whole force control contour can be taken equal to 
the transfer function of the reference model (5). After 
approximation this function is equal to the function of the 
first order, the transfer function of the force regulation 
system is taken as:     
 
( )
12
1
+= pTpH FC µ
,                       (9)  
 
and on the base of functional diagram presented in Fig. 8 
with respect to the quantitative optimum condition can be 
designed the velocity controller of pneumatic servo drive. 
This condition leads to the use of simple proportional 
velocity controller.  
 
 
 
Fig. 8. Functional diagram of electropneumatic servo system with 
adaptive force controller 
 
 Modeling results of velocity control system of 
pneumatic cylinder with adaptive force controller are 
presented in Fig. 9 and Fig. 10.  
 
 
 
Fig. 9. Piston velocity response curves with different initial 
pressures in the working chambers 
 
 These results demonstrate that velocity of cylinder 
piston does not depend on initial piston position and initial 
pressures in working chambers of the cylinder. 
 
 
Fig. 10. Piston velocity response curves when initial position of 
cylinder piston is changing 
  
Conclusions  
 
1. Electro-pneumatic servo system force regulation with 
the reference model based on signal adaptive control 
method allowing eliminating nonlinearities influence of 
pneumatic cylinder and directional control valve is 
proposed and investigated in this paper. 
2. The adaptive force controller is designed in the base of 
conventional force regulation loop with addition 
contour consisting of reference model of optimal force 
control system giving reference signal for controller 
compensating nonlinearities and initial conditions 
influence on pneumatic cylinder force control process 
quality.      
3. The velocity controller of pneumatic servo drive can be 
designed using conventional methods based on respect 
of the quantitative optimum conditions, supposing that 
dynamic parameters of force control contour 
correspond to parameters of the reference model and 
are stationary. 
 
Oscillations provoked by piston 
impact to end shock of cylinder 
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